We have prepared a diazo-based dry film for use in determining total serum bilirubin. On a transparent support are a buffered gelatin layer containing a polymeric quaternary amine (the mordant) and a white, reflective spreading layer that contains all of the components necessary for detection of bilirubin. The method is based on the use of dyphylline and Triton X-1 00 surfactant to dissociate bilirubin from albumin and subsequent reaction of bilirubin with a diazonium salt [4-(N-carboxymethylsulfamyl)benzenediazonium hexafluorophosphate]. In the dry film, unconjugated, mono-and diconjugated, and strongly protein-linked (delta) bilirubin all react with the diazonium salt to produce azo dyes having absorption maxima at about 520 nm. With reflection densitometry and appropriate mathematical transformation, readings and bilirubin concentrations are linearly related to 260 mg/L. Results correlate well with those by the Jendrassik-(Iof (Doumas modification) method (slope 0.994, intercept 1.1, correlation coefficient 0.993, S,. 4.0), and the method is precise(CV = 10.0% atC5 = 4.1 mgIL, 2.7% atCav = 24.5 mg/L, 1.2% at Cay = 102 mg/L for patients' samples) and relatively free of interferences.
Additional Keyphrase: multilayer film analysis
In 1978, we described (1, 2) a dry film for determination of serum bilirubin, which was based on the observation that unconjugated bilirubin (B,,)1 interacts with certain cationic polymers (mordants), giving a unique spectral change. Our initial attempts to use this film for determination of total serum bilirubin by reading at 460 nm were unsuccessful because the lower molar absorptivity at 460 nm of the bilirubin conjugates (Be) as compared with B,, resulted in low values for total bilirubin in samples (primarily from adults) in which the conjugates were in abnormally high concentration.
In 1980, we observed (3) that by reading the film at 400-420 nm, where mordanted B,., and B have similar molar absorptivities, total bilirubin (Br = B,, + B) could be quantified by using only B,, calibrators. During these studies, however, we confirmed by liquid chromatography (4) the existence of a fourth bilirubin subspecies (B6) in jaundiced sera from adults.
This serum entity, first designated the "delta fraction" by Kuenzle et al. (5) , was recently isolated and characterized as a direct diazo-reacting bilirubin firmly attached to albumin (6). When tested on the bilirubin film, this component is largely undetected, presumably because of its entrapment with other serum proteins in the upper layers of the film (6). Indeed, with several hundred sera from jaundiced adults compared on the film and by the Jendrassik-Grof method for BT, there was a good correlation (6) between bias and the approximate content of B6 in the 7-8% of the serum samples in which B6 appeared to be increased (i.e., B6>> 25% of B1'). More recent studies (7) have shown the film to be acceptable for accurately determining Br in neonates less than 14 days old, where B6 occurs at less than 2-5% of the total (as estimated from the chromatographic peak area) (6). We describe here a diazo-based dry film for the quantification of all four bilirubin subspecies [B,,, B (mono-and di-), and B6]. Figure 1 diagrams the structure of the film. A transparent support is coated with a buffered gelatin-mordant layer and an isotropically porous polymer spreading layer. In addition to spreading and uniformly metering the serum sample and providing a white reflective background for reflection densitometry (8) , the spreading layer contains all of the necessary components (diazonium salt, accelerator, surfactant) for the quantification of bilirubin. The buffered gelatin-mordant layer maintains the pH of the dry film at 5.0, minimizes the dependence of spot size on protein concentra- tion, and increases the sensitivity of the dry film by acting as a sump for the azo dyes generated in the spreading layer. Figure 2 shows the reaction scheme used in the dry film. Bilirubin is dissociated from albumin with the aid of dyphylline and the nonionic surfactant Triton X-100. Unconjugated, mono-and diconjugated, and delta bilirubin all react with the diazonium salt to produce azo dyes with absorption maxima at about 520 nm and apparent similar molar absorptivities.
Materials and Methods

Reagents
Dyphylline was obtained from Sigma Chemical Co., St. Louis, MO 63178. The diazonium salts were prepared by diazotization of the corresponding amines with sodium nitrite and isolation of the resulting diazo salt in solid form as the tetrafluoroborate or hexafluorophosphate salt. BaSO4, Triton X-100 surfactant, cellulose acetate, and malic acid were obtained from Kodak Laboratory Chemicals, Rochester, NY 14650. The mordant copoly(styrene/N-vinylbenzyl-N,Ndimethylbenzylammonium chloride/divinylbenzene) was prepared according to the procedure described in United States patent no. 3,958,995. Diconjugated bilirubin (dB) was isolated from freshly obtained human gall bladder bile and the equivalent B,, content quantified by NMR as described by Wu et al. (9) . Monoconjugated bilirubin (mB0) was isolated from rabbit bile to >95% gravimetric purity and identified by mass spectrometry as well as azo product fingerprinting by liquid chromatography (to be reported separately). Both B0 isolates were preserved under nitrogen at -60 #{176}C until just before use. Delta bilirubin was isolated from human serum according to the procedure described by Lauff et al. (10) .
Instrumentation-Ultraviolet and Visible Spectroscopy
A Perkin-Elmer
Model 576 UV-visible spectrophotometer (Coleman Instruments Division, Oak Brook, IL 60521) equipped with a digital solid-state thermal control module (cat. no. 570-0701) was modified to record either transmission spectra of solutions or reflectance spectra of surfaces. Reflectance spectra of dry films were measured through their transparent support. In either mode, a double-beam configuration was used.
Molar Absorptivity Determinations
The molar absorptivities of the azo dyes from 4-sulfamylbenzenediazonium hexafluorophosphate and 4-(N-carboxy- A film b'ank has been substracted to give the net density methylsulfamyl) benzenediazonium hexafluorophosphate were determined by reaction with a water-soluble ditaurine conjugate of biirubin (Porphyrin Products, Logan, UT 94321) of at least 95% purity. Earlier attempts to estimate the molar absorptivity of the azo dyes from the diazonium salts were complicated because 4-sulfamylbenzenediazonium hexafluorophosphate is only sparingly soluble in water and because the azo dyes generated with the highly insoluble B,, at low pH tended to precipitate.
Analytical Systems for the Dry Film
Test equipment similar to the Kodak Ektachem 2/4 analyzer and the Kodak Ektachem 400 analyzer was used to quantify the bilirubin reaction in the film. Dry films for determining total bilirubin were inserted into the analyzer from a cartridge containing 50 test films. In a typical analysis, 10 tL of undiluted serum is applied onto a dry film, where it is evenly distributed via a white, isotropically porous spreading layer. During 5 mm at 37 #{176}C, azo dyes form in proportion to the quantity of bilirubin in the sample. The intensity of these dyes is measured at 540 nm by reflectance densitometry through the film base, and from this measurement, the bilirubin concentration in the patient's sample is determined.
Calibrating Fluids
The dry film has been calibrated with both frozen calibrators based on pools of normal human serum and lyophilized calibrators based on pools of bovine serum. Calibrators with above-normal bilirubin values were obtained by adding a B,, concentrate;
below-normal values were obtained by use of human serum pools diluted with human serum albumin/ human serum globulin solutions and of bovine serum pools diluted with bovine serum albumin solutions. For comparison with estimates obtained with the dry film, total bilirubin concentrations in calibrators and in patients' sera were determined by a Jendrassik-Grof method (Doumas modification) (11) adapted2 to the Rotochem centrifugal analyzer (American Instrument Co., Division of Travenol Laboratories, Silver Spring, MD 20910). salts and several prepared specifically for this application were evaluated in the dry-film format. Of the compounds tested,3 the diazonium salts of sulfanilamide and 4-(N-carboxymethylsulfamyl)aniline were selected for further studies because of their good stability in the solid form, low shock and temperature sensitivity, and the molar absorptivity of the azo dyes formed after reaction with bilirubin. We finally selected the diazonium salt of 4-(N-carboxymethylsulfamyl)aniline because it was "-'35% more sensitive than the diazonium salt of sulfanilamide over the bilirubin (B,,) concentration range of 104-243 mgfL. We found this sensitivity increase to be accounted for partly by the '-'18% greater molar absorptivity of the azo dyes (23 336 L . molt cm' vs 19 736 L . mol'. cmt for the azo dyes from the diazonium salt of sulfanilamide). We speculate that the additional increase in sensitivity results because the azo dyes from the diazonium salt of 4-(N-carboxymethylsulfamyl)aniline are more hydrophilic and tend to migrate more readily from the spreading layer to the underlying gelatin-mordant layer. Thus more dye is present in the transparent gelatin-mordant to be measured, increasing the sensitivity.
Results and Discussion
Some Analytical Variables
During these studies, we observed that the diazonium salt of sulfanilic acid was too shock sensitive (explosive) in the solid form to test safely. salt. We found that the diazonium salt performed best when coated in the spreading layer of the dry film. We chose a spreading layer containing barium sulfate because it is more translucent when wet than is titanium dioxide and allows for detection of all the azo dyes, even those from the strongly protein-linked bilirubin (B6), which, because of its size, becomes entrapped in the spreading layer.
Accelerator.
We prepared dry films with either caffeine/ sodium benzoate or dyphylline as the accelerator and found that the sensitivities of the films were increased by about 30% in the bilirubin (B,,) concentration range of 104-243 mg/L as compared with a control coating with no accelerator. Because the caffeine/sodium benzoate reagent had a higher pH, we chose dyphyllmne for our further studies.
pH and buffer. Long-term stability of the film is good and cross-linking of the gelatin-mordant layer is adequate at pH 5.0. Any of several different buffers could be used in the film. Malic acid was used in these experiments.
Reflectance Spectra of the Azo Dyes Produced from the Reaction of B, mBa, dB, and B on the Dry Film
The reflectance specta of the azo dyes produced from the four bilirubin subspecies have similar curve shapes and absorption maxima (about 520 nm) (Figure 3) , although a distinct peak at 520 nm is not apparent at low bilirubin concentrations ( Figure 4) . We did not have enough mB0 to test it at higher concentrations.
Quantification of the Dye Reaction
When 10 L of undiluted serum is spotted on the dry film, the resulting dye, which forms in proportion to the concentration of total bilirubin, is measured by reflection densitometry after 5 mm at 37 #{176}C. Figure 5 shows percent reflectance as a function of time for solutions containing various amounts of B, mB0, dB0, and B6. The rate curves are quite similar for the four bilirubin subspecies (except at the very low concentration of B,,, which shows a rate profile similar to that of water), and are characterized by a rapid initial change, followed by a slower change to 1-2 mm, and then an even slower change between 2 and 5 mm. We speculate, however, that most of the slow decrease in reflectance observed after applying the serum sample is due to migration of the azo dyes from the spreading layer to the underlying gelatin-mordant layer. Cross-sections of the dry film after spotting show that significant amounts of the azo dyes are present in the gelatin-mordant layer. Figure 6 shows a typical calibration curve where percent reflectance has been converted to reflection density for a subset of patients' samples representing bilirubin concentrations from 1 to 206 mg/L. This relationship is not linear, but a linear calibration function can be derived by use of reflection density and an appropriate mathematical transformation (8) (Figure 6 ). For samples with more than 260 mg of biirubin per liter, a twofold dilution with bovine serum albumin (70 g/L solution) is recommended. This will extend the dynamic range to 520 mg/L. The dry film is stable for at least 12 months at -20 #{176}C and for four weeks at 26 #{176}C and 50% relative humidity.
Clinical Performance
The data in Figure 7 and Table 1 (Table 1) . Table 2 summarizes the potential interferents tested on the dry film. The substances were added separately at the designated concentrations to a pool of normal human serum. Biases were computed, in most cases, by a strict paired-difference protocol in which aliquots of a human serum pool with and without the potentially interfering substance added were alternately applied to the coating and the differences between each such pair of determinations were computed and averaged. Of the substances tested, only sulfathiazole, p-aminosalicylic acid, and hemoglobin showed biases in which both 95% confidence limits (t-distribution) exceeded 1.0 mg/L (10%). Sulfathiazole and p-aminosalicylic acid appear to be chemical interferents, whereas hemoglobin is probably a spectral interferent.
The mechanism of the interference of sulfathiazole is puzzling, because further studfes showed that the sulfa compounds sulfadiazine, sulfisoxazole, sulfamethoxazole, and sulfamethylthiazole, as well as the component parts (sulfanilainide and 2-aminothiazole) of the sulfathiazole molecule, did not cause significant positive biases on the dry film ( Table 2 ).
In summary, results for this dry film for quantifying total bilirubin correlate well with the Doumas version of an automated Jendrassik-Grof method. The method is precise, is tolerant to most common interferences, is stable, requires only 10 zL of sample, and requires no dilution or pretreatment of the sample. The availability of the total bilirubin dry film (TBIL), which measures all four bilirubin subspecies (B,,, mB, dB, and B6), in combination with the neonatal bilirubin dry film (NBIL) (7), which measures only B, mB0, and dB, offers the potential of obtaining an estimate of B3 by difference (TBIL -NBIL = B6). 
